A seismic-sedimentologic study was performed to map fourth-and fifth-order systems tracts in Oligocene (Frio) strata in Corpus Christi Bay, south Texas. Guided by third-order sequence-stratigraphic correlations from seismic and wire-line-log data, we prepared stratal slices from a three-dimensional seismic volume to reveal highresolution (10-m [33-ft] levels) sediment dispersal patterns and associated systems tracts in a relative geologic-time domain. On average, 1200 m (3940 ft) of sediments were deposited in the thirdorder lowstand expansion cycle, and at least 16 higher order sequences (fourth-and fifth-order sequences) were recognized. Three types of depositional systems were identified in the Frio stratigraphic section: (1) offshelf lowstand slope fans that are best characterized by submarine channel and levee systems inside and outside incised submarine channels and by fan-shaped sand body geometry; (2) lowstand prograding deltaic systems that are composed of strike-oriented and lobate deltaic sand bodies; and (3) highstand systems that are represented by onshelf barrier, lagoon, and deltaic systems. Higher order sequence development was controlled by the interaction of relative sea level change, sediment supply, and gravity tectonics. The top of sediment ridges was eroded or decapitated during many of the higher order sequences. Sand dispersal patterns are primarily controlled by accommodation resulting from rollover topography associated with growth faulting. Between the boundary fault and the hinge line atop rollover structures, strike-oriented sandstone bodies dominate; within submarine channels and incised valleys and beyond the hinge line to the distal basin, dip-oriented sandstone
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A B S T R A C T
A seismic-sedimentologic study was performed to map fourth-and fifth-order systems tracts in Oligocene (Frio) strata in Corpus Christi Bay, south Texas. Guided by third-order sequence-stratigraphic correlations from seismic and wire-line-log data, we prepared stratal slices from a three-dimensional seismic volume to reveal highresolution (10-m [33-ft] levels) sediment dispersal patterns and associated systems tracts in a relative geologic-time domain. On average, 1200 m (3940 ft) of sediments were deposited in the thirdorder lowstand expansion cycle, and at least 16 higher order sequences (fourth-and fifth-order sequences) were recognized. Three types of depositional systems were identified in the Frio stratigraphic section: (1) offshelf lowstand slope fans that are best characterized by submarine channel and levee systems inside and outside incised submarine channels and by fan-shaped sand body geometry; (2) lowstand prograding deltaic systems that are composed of strike-oriented and lobate deltaic sand bodies; and (3) highstand systems that are represented by onshelf barrier, lagoon, and deltaic systems. Higher order sequence development was controlled by the interaction of relative sea level change, sediment supply, and gravity tectonics. The top of sediment ridges was eroded or decapitated during many of the higher order sequences. Sand dispersal patterns are primarily controlled by accommodation resulting from rollover topography associated with growth faulting. Between the boundary fault and the hinge line atop rollover structures, strike-oriented sandstone bodies dominate; within submarine channels and incised valleys and beyond the hinge line to the distal basin, dip-oriented sandstone
INTRODUCTION
Seismic stratigraphy ( Vail et al., 1977 ) is a well-accepted and powerful tool for analyzing depositional facies using seismic data. Along with wire-line-log data, biostratigraphy and seismic stratigraphy are also critical for sequence-stratigraphic analysis of reservoir, seal, and source rock prediction (Mitchum et al., 1993) . However, without dense well control, the application of seismic and sequence stratigraphy has been limited mainly to lower order (second-or third-order), thick stratal packages. Mapping of thin (10 -100-m; 33 -328-ft), fourth-and fifth-order sequences using seismic and sequence stratigraphy has generally been only practical if strata are not deeply buried and the seismic data are of high quality and contain highfrequency (dominant frequency > 100 Hz) information. The task becomes challenging if strata are deeply buried and only conventional, low-frequency (dominant frequency 20-50 Hz), three-dimensional (3-D) seismic data are available. With increased depth, seismic frequency decreases, and seismic velocity increases, leading to reduced resolution, and seismic noise typically becomes more intense. Sandstone bodies at greater depths (e.g., slope sands in south Texas) are generally thin and are below seismic resolution. Reflections from multiple lithofacies of different, adjacent sequences commonly interfere with each other to form merged events, making object-or volume-based imaging less straightforward and less useful. Autotracing is generally a poor choice for thinly interbedded sandstoneshale formations that contain few eye-catching seismic anomalies. Consequently, manual 3-D correlation of sequence boundaries and maximum flooding surfaces in a seismic cube is inaccurate and impractical for identifying and mapping most of the higher order sequences in deep Tertiary sections in the Gulf of Mexico and elsewhere. Unless adequate well control is available or seismic data quality and resolution can be significantly improved, we must develop alternative approaches for higher order systems tracts mapping and depositional systems interpretation.
Recent research (Zeng and Hentz, 2004; has addressed the issues of high-resolution imaging and prediction of sandstone reservoirs by means of seismic sedimentology. Seismic sedimentology is the use of seismic data in the study of sedimentary rocks and the processes by which they were formed (Zeng and Hentz, 2004) . With current technology, seismic sedimentology is limited to the study of seismic lithology, geomorphology, depositional architecture, and depositional history. The effective techniques developed for seismic-sedimentologic studies include 90j phasing of seismic traces and stratal slicing. Reservoirs in a higher order sequence are typically thin and below seismic resolution. To correlate seismic geomorphology (Posamentier, 2001 ) to lithology such that lectures, short courses, and articles published in professional journals. Brown has served as an International Distinguished Lecturer for the AAPG and done consulting work throughout the world. He earned his bachelor's degree at Baylor University and his master's degree and doctorate at the University of Wisconsin. a seismic-sedimentologic analysis can be conducted, the phase of seismic data has to be adjusted to 90j. At this phase, the thin-bed impedance profile of the sequences can be approximated by seismic amplitude traces (Sicking, 1982; Zeng and Backus, 2005a, b) . Furthermore, seismic attributes must be picked on a depositional surface (geologic-time surface), so that any attribute extractions on such a surface can represent a lithogenetic depositional unit. Such a seismic surface display is properly called a ''stratal slice'' (Zeng, 1994) .
Generally, sedimentologic interpretations using seismic data have focused on using seismic geomorphology to analyze modern sea-floor topography and shallowburied sediments, where sandstones and shales are clearly acoustically separated, and a geomorphologic display of relict depositional features on a geologic-time surface can be easily obtained (e.g., Miall, 2002) . In this study, our major goal is to demonstrate that by applying stratal slicing of lithology-conditioned seismic data, seismic sedimentology can be extended to deeper sections where manual identification of geologic-time surfaces (isochrons) is a difficult task, especially in stratigraphically, structurally, and seismically complex deep, growthfaulted areas. In addition, the integration of stratal slicing and wire-line-log facies analysis improves the interpretations from stratal slicing alone.
SEQUENCE-STRATIGRAPHIC FRAMEWORK

Third-Order Tectonic and Depositional Framework
Studies by Brown et al. (2004 Brown et al. ( , 2005 indicated that the Oligocene (Frio Formation) growth-fault -controlled subbasins in the Corpus Christi Bay area (Figure 1 ) are genetically similar to many growth-faulted subbasins that were formed during third-order (1-1.3-m.y.) Tertiary cycles in the Gulf of Mexico. The subbasins in the Corpus Christi Bay area were filled by third-order lowstand depositional systems during the Oligocene. Each row of subbasin(s) served as a depocenter during one third-order relative lowstand of sea level and, more rarely, at a fourth-order relative lowstand of sea level (Treviñ o et al., 2003; Hammes et al., 2004) . Structurally, the subbasins are located on the basinward, downthrown, hanging-wall side of regional growth-fault systems ( Figure 1A ) that, in plan view, comprise connected and strike-aligned, basinward-concave (arcuate) fault segments. Fault timing and approximate age of basin fill are similar in the lateral hanging-wall blocks of each regional fault system. Transgressive and highstand systems tracts formed above the subbasin and completed the third-order depositional sequence.
Two subbasins in the Corpus Christi Bay area, Texas (subbasins 3A and 3B; Figure 1A ), were selected for this study because of available extensive 3-D seismic data and critical deep-well coverage in the area ( Figure 1B ). Two domal (anticlinal) structures on the downthrown side of the boundary fault ( Figure 1B) highlight the sediment accommodation centers of the third-order lowstand expansion cycle in the region. Although well and seismic data in both subbasins were analyzed, most of the documentation has been conducted for subbasin 3B ( Figure 1B ) because of its less-faulted structure and better quality seismic data.
Models of growth-faulted lowstand depositional systems were proposed by Vail (1987) , Sangree et al. (1990) , and Mitchum et al. (1993) . Brown et al. (2004) further expanded these models to focus on dynamic depositional processes that occurred during relative lowstands of sea level (Brown et al., 2004, their figures 3, 5) . Intraslope subbasins were formed as a result of interaction among sediment supply, growth faulting, and relative sea level change. Six third-order sequences were documented in the Frio lithostratigraphic unit in the region ( Figure 1A ) . Each third-order lowstand systems tract essentially fills one intraslope subbasin. The weight of sediment supplied by entrenched rivers overloaded lowstand slopes, initiated gravity faulting, mobilized mud, and produced shale ridges. The subbasin (accommodation space) formed between the updip growth fault and the downdip sediment (shale ridge). The seismic representation of this syndepositional process is a series of diachronous reflection wedges separated by major growth faults.
In this study, we have to extend the concept of shale ridge to also include the sediments immediately above the shale ridge that may or may not be intruded by mud, but are deformed by the upward-moving mud. By doing so, we avoid interpreting the definitive boundary of a shale ridge, which is difficult with low-resolution deep seismic data. In addition, we must consider that highorder sequence development is influenced by the movement of not only the shale-ridge core, but also by movement of its overlying sediments. We call this sediment mass a ''sediment ridge.'' Structural and stratigraphic relationships in the Frio intraslope subbasins can be characterized on seismic sections tied to limited well control. These well ties add confidence to the seismic interpretations. A predominantly dip seismic section across subbasin 3B (Corpus Christi Bay) and into subbasin 4 (Redfish Bay) (Figure 2 Brown et al., 2004;  reprinted by permission of the AAPG whose permission is required for further use). (B) Seismic survey, well locations, and general structure of Frio intraslope subbasins 3A and 3B. Note that the structural highs in domal areas (brown) grade into lows (blue) near the boundary faults and between the domes. Wells labeled with W are deep wells used in this study.
illustrates that each subbasin is bounded by two major growth faults that have throws exceeding 1000 m (3280 ft). At the proximal (northwestern) side of subbasin 3B, strata are rolled over against the boundary growth fault. Maximum tilting at the lowest part of the lowstand wedge is about 30j. Strata thickness is maximal near the fault, gradually thinning toward the hinge line at the top of the rollover structure. Basinward from the hinge line, strata become flat and undergo less thickness change, until terminated by the next major boundary fault that defines a younger subbasin (in this case, Redfish Bay subbasin). The predominant structure is a domal, rollover anticline that is overprinted by a series of smaller compensation faults that may or may not display growth. An interpreted sediment ridge lies directly beneath the anticline, extending from the boundary fault to the younger growth fault that defines the next seaward subbasin. On a strike seismic section across subbasins 3A and 3B (Corpus Christi Bay, Figure 3) , two rollover anticlines coexist, with a sediment thin on the two domal areas and a sediment thick in the sag in between, documenting significant differential expansion Figure 2 . Third-order sequence and systems tracts on a dip seismic section AA 0 (see Figure 1 for location) across subbasin 3B (Corpus Christi Bay) into the younger subbasin 4 (Redfish Bay). Seismic data are phased to 90j for thin-bed lithologic indication, with troughs (red) mostly relating to sandstone-siltstone and peaks (black) mostly implying shale. Rollover structure and depositional sequences were controlled by growth faulting and sediment-ridge uplift in a third-order relative sea level cycle during the Oligocene. Wells were projected onto the seismic line. Spontaneous potential wire-line log to seismic ties are established by check-shot curve. Vertical scale is approximate. HST = highstand systems tract; LST = lowstand systems tract; TST = transgressive systems tract; MFS = maximum flooding surface.
corresponding to differential sediment-ridge movement. The subbasin depocenter was along a trough near the boundary fault ( Figure 2 ) and in the sag between anticlines ( Figure 3 ), both at third-and higher order sequence levels.
The coarsening-upward trends shown by spontaneous potential (SP) wire-line logs in key wells (W1-W10 in Figures 2 -4) reveal an overall progradational history for the subbasins from highly aggradational lowstand slope fans to lowstand prograding wedge complexes and terminally to transgressive and highstand systems tracts. Major third-order depositional systems are characterized by distinctive wire-line-log lithofacies motifs. The sediments in the third-order lowstand slope-fan system are predominantly muddy and have thin intervals of sandstones and siltstones. Approximate microfossil biozone correlation indicates that they were deposited below the subaerial shelf edge (Brown et al., , 2005 .
Those sandstones and siltstones are inferred to be turbidites deposited in submarine channels and levees on slope fans. Seismically, this system comprises the most discontinuous event packages, directly resting on deep sediment ridges. The overlying third-order lowstandprograding deltaic complex is composed of interbedded sandstones and shales interpreted to have been deposited as overbank deposits along deltaic distributaries and at mouths of lowstand deltaic distributaries. The continuity of deltaic lithofacies is greater than for those in the slope fan, leading to better correlation of sandstone packages between wells and increased seismic continuity. Superposed on top of the prograding complex is a shaly, third-order transgressive systems tract containing continuous condensed sections that can be correlated throughout the seismic survey area. The thirdorder highstand system is sandy and has predominantly blocky wire-line-log patterns, probably indicating coastal Figure 3 . Third-order sequence and systems tracts on a strike, 90j-phase seismic section BB 00 (see Figure 1 for location) across subbasins 3A and 3B in Corpus Christi Bay. Notice that the differential subsidence is related to the differential sediment-ridge activity during the subbasin development. The depocenter is situated in between (slope fans and lowstand deltas). Wells were projected onto the seismic line. Spontaneous potential wire-line log to seismic ties are approximated on the basis of check-shot data. Labels a-d refer to subtle erosional surfaces identified in Figure 7 . barrier-bar -lagoon and deltaic sediments (Galloway et al., 1982 (Galloway et al., , 2000 that are frequently punctuated by higher order lowstand incised-valley-system sandstones. The highstand and transgressive systems tracts were generally not influenced much by growth faulting and are characterized by highly continuous, onshelf railroadtrack seismic events.
Fourth-and Fifth-Order Sequences Interpreted from Wire-Line Logs and Seismic Profiles
Analysis of SP wire-line-log patterns within the framework of third-order systems tracts further revealed the existence of multiple fourth-(100-k.y.) and fifthorder (10-k.y.) sequences (Figure 4 ). Individual higher order sequences in the third-order lowstand slope fan were recognized by a coarsening-upward wire-line-log motif, followed by a fining-upward wire-line-log motif ( W2 log inset, Figure 4 ). The coarsening-upward wireline-log motif indicates the progradation of the slope fan from distal sands at the bottom to more proximal sands (channels) in the middle. The fining-upward wireline-log motif is inferred as a channel-levee facies associated with a relative lowstand, aggradational slope fan (Brown et al., , 2005 .
Higher order sequences of the prograding-wedge deltaic systems are mainly recognized by a coarseningupward wire-line-log motif, followed by a transgressive, fining-upward motif (W2 log inset, Figure 4 ). This sequence infers a higher order transgressive system overlying a shallow-water deltaic system (lowstand-prograding wedge). The lowstand deltas may be cut by higher order lowstand incised-valley systems (Brown et al., , 2005 .
Without conventional core calibration, however, slope-fan sequences and lowstand deltaic sequences are best identified by differences in sand/shale ratio and shale (clay) content in sandstones. The sand/shale ratio is significantly lower for the slope-fan system (0.05 -0.2) and higher for the deltaic system (0.1 -0.5). The slope-fan sandstone and siltstone packages are thicker and shalier, and the deltaic sandstone packages are thinner and cleaner. Following the methodology of Van Wagoner et al. (1990) and Mitchum et al. (1993) , one would pick sequence boundaries between highstand systems tracts (typically sandstones) and the overlying lowstand systems tracts (typically also sandstones). Maximum flooding surfaces occur at the top of transgressive mudstones and are best identified by maximum positive SP wire-line-log deflection (W2 wire-line-log inset, Figure 4) . At least 16 fourth-to fifth-order sequences are recognized in the third-order lowstand systems tracts in this study.
Although higher order sequence boundaries can be picked on individual wire-line logs with confidence, their correlation in a 3-D survey is exceedingly challenging because of the lack of well control. Seismic resolution is limited. The 3-D seismic data in the Frio Formation used in this study are characterized by a frequency range of 5-60 Hz. The dominant frequency is a function of depth, ranging from 25 Hz (at 3000 m [9840 ft] or 2.5 s) to 20 Hz (at 3800 m [12,500 ft] or 3.0 s). Seismic resolution, calculated as one-fourth wavelength (l) (Sheriff, 2002) , ranges from 15 m (49 ft) (for 25-Hz wavelet at 3000 m/s [9840 ft/s]) to 24 m (80 ft) (for 20-Hz wavelet at 3800 m [12,500 ft]). Individual sandstone beds in the Frio Formation are mostly 5-15 m (16-49 ft) thick and are mostly below seismic resolution. Under such conditions, closely spaced sandstones of higher order highstand and lowstand systems tracts are commonly imaged as a single seismic event, without resolving the higher order sequence boundary in between. As a result, the higher order sequence boundaries are difficult to pick and correlate on seismic sections (see a Gulf of Mexico example in Zeng and Hentz, 2004) . Fortunately, fourth-and fifth-order maximum flooding surfaces follow acoustically more uniform condensed sections and are more detectable seismically (Figures 2 -4) for sequence identification. In fact, by following seismic events, all 16 higher order sequences can be correlated in the subbasin depocenter near the boundary fault (Figure 4) . In other areas, however, sandstone packages thin significantly, and the number of recognizable seismic events in the third-order lowstand systems tracts is reduced accordingly. Many higher order maximum flooding surfaces lose their seismic characteristics and are impossible to track on a seismic line. Only selected maximum flooding surfaces can be traced in the whole 3-D survey area (Figures 2 -4) . Correlation of higher order sequences by directly tracking seismic events is therefore inaccurate and impractical in most areas of the subbasins.
SEISMIC MAPPING OF HIGH-RESOLUTION SEDIMENT DISTRIBUTION PATTERNS
Amplitude Analysis of Lithology and Thickness
For seismically thin depositional sequences, the most convenient way to convert a seismic amplitude section into an acoustic impedance (AI) section without a highquality seismic inversion is the 90j phasing of seismic traces (see Appendix). A good correlation between wireline AI curves and seismic sections may significantly enhance our ability to interpret 3-D seismic data in terms of lithofacies.
Our ability to use seismic amplitude as a lithology indicator also depends on the acoustic relationships between different lithofacies in layered media. However, velocity logging in the study area was poor in quality, evidenced by frequent borehole washouts and cycle skipping in sonic logs, and by typically marginal-quality synthetic ties between wells and seismic data, which prevents a reliable petrophysical analysis for acoustic relationships between sandstone and shale. Fortunately, a direct correlation using a check-shot survey established satisfying well-to-seismic ties in most of the area wells (Figures 2, 3) . In the third-order systems tracts, seismically thin sandstones are mostly related to seismic trough events in the 90j-phase data. However, in some thick, mostly shaly sediments (e.g., the third-order slopefan deposits in well W5; Figure 3 ), seismic events are apparently derived from AI contracts between hard shale and soft shale, which are not well understood. An important reality is that we must use wire-line-log lithology to calibrate amplitude interpretation, wherever well penetrations exist.
For many higher order sequences, a quantitative relationship between amplitude and sandstone thickness exists and can be used to predict reservoir distribution from seismic data. For example, trough (negative) amplitudes extracted from a lowstand deltaic system in higher order sequence 11 were found to have a relationship with sandstone thicknesses measured from SP logs in 18 wells ( Figure 5 ). In areas with wire-line-log control, relatively clean sandstones are observed to be encased in shale beds. A tuning curve drawn from well measurements is comparable to the modeled one, with a tuning thickness at about 23 m (75 ft). The tuning curve can be used to predict sandstone distribution from amplitudes in the sequence.
For amplitude interpretation of deep seismic data such as in Frio subbasins, poststack 3-D seismic data do have limits. In a case where seismic amplitude does not tie to lithology, the Poisson's ratio might be a better choice (Hilterman et al., 1998) .
Making Use of Horizontal Seismic Resolution
In a formation composed of seismically thin beds, such as in the Frio Formation, most of the sandstones are merely vertically detected and unresolved, meaning that the sandstones are seen as amplitude events without accurate boundary identification. Similarly, many higher order sequence boundaries and maximum flooding surfaces (Figure 4 ) cannot be accurately correlated manually in 3-D (e.g., in Figure 2 ). Unless adequate well control is available or seismic data quality and resolution can be significantly improved in the future, we have to use alternative approaches for higher order sequence mapping and facies interpretation.
One strategy is to change the emphasis of seismic interpretation from vertical sections to horizontal sections (stratal slices). One of the effective methods for horizontal seismic facies imaging is stratal slicing (Appendix). In this study, a stratal slicing of the 90j-phase, 3-D seismic volume ( Figure 6A ) was performed to create a stratal slice cube ( Figure 6B ) using eight seismically traceable maximum flooding surfaces (third to fifth order) as the geologic-time framework (Figures 2-4, 6A) . The seismic amplitude patterns on the stratal slices provide critical lithologic and geomorphologic information for higher order systems tracts analysis.
A useful byproduct of stratal slicing is that by flattening reference seismic events and removing structural distortion on stratigraphic images, one may better identify subtle geologic events recorded in seismic data. For example, some erosional surfaces can be identified on some of the strike seismic sections in subbasin 3B (e.g., Figure 7a -d) that indicate the erosion of the sediment ridge in Frio higher order sequences. However, these features are very difficult to correlate laterally. Just a short distance away, the features may no longer be identifiable (e.g., Figure 3a-d) . A clear imaging of the erosional events would be better accomplished by analyzing the subtle continuity, dip, and amplitude changes associated with the events without structural background. In the relative geologic-time section (Figure 8a -d) , the erosional features are easily recognized as groups of discontinuous, dipping seismic events, with collective convex bases that are too subtle to map in the original seismic section (Figure 3 ). In addition, more erosional surfaces can be seen associated with multiple, higher order sequences, implying cut-fill cycles over the sediment ridge associated with most, if not all, higher order sequences (Figure 8 ). Mappable in most strike lines and inferred as erosional surfaces at higher order sequence boundaries, these erosional intervals are moderately thin (10 -100 m [33 -328 ft], rarely cut into more than one underlying sequence), moderate in size (1 -10 km [0.6 -6.2 mi] wide), and located at roughly the same location over the sediment ridge and domal structure (compare Figures 3,  8) . As discussed below, they are critical in understanding the tectonic and depositional history of the Frio subbasins.
INTERPRETATION OF HIGHER ORDER SYSTEMS TRACTS
Viewing stratal slices through relative geologic time offers interpreters a unique approach to studying depositional systems tracts at relatively high resolution. A knowledgeable use of horizontal seismic resolving power reduces the dependence of interpretation on vertical seismic resolution. In the third-order lowstand system in subbasins 3A and 3B, all 16 identified fourth-and fifth-order sequences have been imaged on stratal slices having distinctive amplitude patterns. Calibrated by wireline-log interpretation (Figures 2-4) , higher order sequences 1 -9 are interpreted to be slope-fan systems (e.g., higher order sequence 6 in Figure 9 ). Higher order sequences 10 -16 are interpreted as lowstand deltas (e.g., higher order sequence 12 in Figure 10) . A separate stratal slicing of the overlying third-order highstand systems tracts revealed many higher order barrier-barlagoon and deltaic cycles (e.g., Figure 11 ).
Lowstand Slope-Fan System
The higher order sequence 6 contains multiple fanlike amplitude patterns on stratal slices (e.g., Figure 9A ). The fanlike patterns are distributed along the trough near the boundary fault and the topographic low between the sediment ridges. These areas are present at historical structural lows (Figure 1 ). The stratal slice cuts discontinuous events near the fault and at the domal high and parallel and subparallel events in the distal basin. These fan-shaped amplitudes are mostly correlated to thick packages (40 -100 m [131 -328 ft] near the boundary fault) of interbedded sandstones and siltstones having a lower coarsening-upward to an upper fining-upward motif on wire-line logs (e.g., W2 and W10 in Figure 9A ). Each fanlike feature can be traced back to the boundary fault via channel-like amplitude patterns. The channel-like features were filled with sandstones wherever encountered by a borehole (e.g., W8 in Figure 9A ).
The whole system is interpreted as a lowstand slope-fan system composed of a series of avulsing slope fans ( Figure 9B ). Each slope fan can be traced through a channel-levee system to a sole point source or an inferred incised valley at the paleoshelf edge in the footwall fault block. The arrangement of slope fans is distinct: fans near the boundary fault being very narrow and highly strike oriented and those away from the fault being successively wider, more sheetlike, and more dip oriented. A migration (progradation) of individual fans from near the fault to distal basin was inferred. No fan, however, is distributed on top of the domal area above the sediment ridge, where shaly sediments dominated, indicating that the turbidite flows followed lower topography.
Because of the limit in seismic data quality and resolution, stratal slices cannot pick on perfect depositional surfaces at all trace locations. Therefore, seismic interpretation of systems tracts is nonunique, even with (part of the strike seismic line in Figure 3 ). Notice that the erosional surfaces are easily recognized. a-d denote the same erosional surfaces recognized in seismic section CC 0 (Figure 7 ) that are difficult to correlate in many sections (e.g., Figure 3 ). Numbers 1 -16 refer to the fourth-and fifth-order sequences.
log-facies calibration in key wells. The overall slope-fan dispersal pattern predicted on stratal slices, however, are reliable based on the fact that similar geomorphologic patterns were repeatedly observed in all nine higher order slope-fan sequences (sequences 1-9; e.g., sequence 2, Figure 12B ). (Figures 2, 3, 8) showing the geomorphologic pattern of a higher order highstand barrier-barlagoon system and deltaic system. (A) Amplitude stratal slice and SP log patterns in wells. (B) Interpreted higher order, highstand barrier-bar, lagoon, and deltaic systems tract. 
Lowstand Delta (Prograding Wedge Complex)
Higher order sequence 12 is characterized by thin (10 -25-m; 33-82-ft), dip-oriented lobate systems and some strike-oriented, linear amplitude patterns on stratal slices (e.g., Figure 10A ). On sectional view (Figure 2) , thin, discontinuous events with a clinoformal hint can be observed near the boundary fault. Reflections become patchy at the domal area and grade into flat-reflection events in the distal basin. The lobate amplitude patterns have distributary channels that are clearly identified on relative geologic-time sections (e.g., Figure 8) . A lobe can comprise many narrow channels along its axis, which bifurcate and broaden downstream. Some channels follow small, generally dip-oriented faults. Grainsize trends include coarsening-upward (W3, W7, and W9 in Figure 10A ) and fining-upward (W5 and W10 in Figure 10A ) motifs in SP wire-line logs, indicating progradational and channel-filling processes.
We interpret such a system as lowstand deltas that formed when sediments brought by the entrenched river prograded over the upper slope sediment fill with sea level just below the shelf edge ( Figure 10B ). The strikeoriented system near the fault is inferred to be a sandshoaling system primarily related to accommodation space created by growth faulting and rollover. They exist only between the boundary fault and the hinge line ( Figure 10A ). The dip-oriented lobate systems represent fluvial-dominated deltas that transported most of the sandy sediments beyond the hinge line to the lowstand shelf edge. Mud-induced uplift in the domal areas was weaker than that which occurred during the development of the high-order slope-fan sequences (e.g., Figure 9 ). The lowstand deltas may or may not detour around the buried paleohighs ( Figure 10B ). Actually, they may have eroded the crest of the sediment ridges as noted in Figures 7 and 8 .
The observed lowstand deltaic patterns are highly repeatable; similar sediment dispersal patterns can be interpreted in multiple, higher order lowstand deltaic sequences in the same third-order cycle (sequences 10-16).
Highstand Barrier-Bar, Lagoon, and Deltaic System Fourth-and fifth-order highstand systems tracts in the Frio section are represented seismically by broad, continuous events having subtle amplitude changes (Figures 2,  3) . The onshelf deposits have minor thickness variations downdip, showing diminished influence of growth faulting. , clean, and blocky sandstone with a coarsening-upward pattern at the base indicates wave influence and a progradational style of deposition. Although sandstone bodies in the sandy segments of the sequence appear to be laterally continuous, stratal slices revealed rather complex depositional topography. In general, strike-oriented amplitude trends dominate, and the influence of growth faulting is minimal. For example, a stratal slice on the top of a sequence ( Figure 11A ) exhibits subtle channel-like features in the most updip area, followed downdip by broad, strikeoriented amplitude patterns. Negative (red) amplitudes are tied to blocky sandstones in wells ( W1, W5, W6, and W9 in Figure 11A ). Positive (black) amplitudes are more closely related to shale in wells (W8 in Figure 11A ). The dip-oriented amplitude lobes that prograded past the strike-oriented patterns are represented in wells by thin (15-25-m; 33-82-ft) sandstones having coarseningupward-then-fining-upward (W3 in Figure 11A ) and fining-upward wire-line-log motifs (W4 in Figure 11A ). Some channel-like features are parallel to reactivated small faults.
We infer the system to be a higher order fluvial coastal plain, barrier-bar, lagoon, and lobate deltaic system ( Figure 11B ). The current footwall fault block lies in the coastal plain composed of fluvial channel and flood-plain deposits. The strike-oriented barrier complex and possible washover fans are adjacent to lagoonal sediments. Two lobate deltas prograded onto the shelf in a later stage of the sequence development. The barrier-bar -lagoon complex and associated highstand deltas along the modern middle and lower Texas coast (Galveston through South Padre Islands) may be an analog for the Frio highstand systems tract. At this late stage of subbasin development, growth faulting diminished. No influence of the sediment uplift in the domal areas on depositional systems can be observed. Brown et al. (2004) summarized that an intraslope subbasin developed in seven stages in a primarily third-order relative sea level cycle. Sequences are the products of the interplay of sediment supply, erosion, gravity tectonics, relative cycles of sea level, and changing accommodation rates. In this study, limited seismic resolution and mud mobilization of basal third-order sequence sediments do not allow the recognition of maximum erosion at the base of the sequence and basin-floor fans (stages 1-3, Brown et al., 2004) ; however, seismic stratal slices clearly imaged slope-fan (stage 4), prograding-wedge (stage 5), and transgressive and highstand systems (stages 6 and 7).
HIGHER ORDER TECTONIC AND DEPOSITIONAL MODEL
A detailed analysis of wire-line logs and stratal slices further indicated that each of these third-order sequences is composed of several higher order sequences. In the lowstand Frio section in subbasin 3B, as many as 16 such higher order sequences have been identified (Figures 2-4, 8) . Typically, a higher order sequence is observed with 1. an erosional base: erosion decapitated the top of the sediment ridge, but did not totally delete the topography in the sediment-ridge area (e.g., Figure 12A ) 2. a slope-fan (higher order sequences 1-9) or a lowstand deltaic system (higher order sequences 10-16) on the top of the erosional surface: the slope-fan systems detour around the domal structure (e.g., Figures 9, 12B) ; the detouring gradually diminished in the sequences associated with lowstand deltaic systems (sequences 10 -16, e.g., Figure 10 ) 3. a significant thickness variation: greatest sediment accumulation near the boundary growth fault and between the domes (e.g., Figure 12C ) These higher order sequences are interpreted as synchronized with high-frequency relative changes of sea level that were repetitive through geologic time. Stages of higher order sequence evolution are discussed below.
Stage 1 ( Figure 13A ): During an early, relative fourth-or fifth-order lowstand of sea level, onshelf lowstand incised-valley systems promoted transport of fluvial sediment load to the shelf margin to form deltas at the mouths of entrenched valleys. Unable to prograde into deep water, oversteepened deltaic deposits slumped down the slope by gravity-flow processes and reactivated a previous growth fault. Gravity-flow currents were able to erode the sea floor over the previous sediment-ridge area. Turbidite sediments bypassed the eroded area to form basin-floor fans farther downdip in the distal basinal area. These basin-floor fans are probably now located in the area of the next younger, seaward subbasin that formed. Stage 2 ( Figure 13B ): During the maximum relative lowstand of sea level, increased sediment transport through an entrenched incised valley accelerated growth faulting and uplift of the sediment ridge. Turbidites were first deposited along the trough near the growth fault, forming strike-orientated slope fans. Sedimentation then shifted basinward. The turbidity currents flowed around the topographic high created by the renewed sediment-ridge uplift and deposited slope-fan sediments onto irregular sea-floor topographic lows. Stage 3 ( Figure 13C ): Following a relative rise of sea level in the higher order transgressive and highstand period, the entrenched river retreated, and sediment supply diminished. Growth faulting and shale movement stopped. The entire subbasin was covered with a blanket of marine-condensed muds.
The shaly deposits of stage 3 in the underlying sequence and the erosion in stage 1 are normally observed in the same stratal slice (e.g., lower sequence 2 in Figure 12A ). Sediments in stage 2 are imaged in separate slices having significantly different amplitude patterns (e.g., upper sequence 2 in Figure 12B ; also the sequence in Figure 9 ). The alternating appearance of these two different geomorphologic patterns through geologic time characterizes the higher order cyclicity within a third-order slope-fan system.
A similar model comprises higher order sequences of the prograding complex, except that slope fans would be replaced by lowstand deltas, adjusting to the elevated floor of the subbasin that permitted subaerial erosion and the following progradation of small river-mouth deltas over the slope deposits. Less pronounced sedimentridge activity and the decreased rate of hanging-wall subsidence allowed lowstand deltas to be deposited on a more uniform subbasin floor without detouring around the domes (Figure 10 ), improving the connectivity of sandstones.
Although we cannot rule out the possibility that higher order sequences could be autocyclical in origin, most evidence indicates a sea level control on sequence development. However, autocyclicity may be an important factor in development of further higher order (sixth-order) sequences within the sequences described in this study. In many slope-fan sequences, for example, we observed fan-lobe switching that may not relate to sea level changes (e.g., Figure 9 ).
APPLICATIONS
Sequence Correlation
A challenge in 3-D mapping of high-frequency sequence stratigraphy in deeply buried Frio subbasins is to overcome inadequate vertical seismic resolution of a lowfrequency seismic data set. In the study area, a data set of 25-Hz dominant frequency typically has a resolution of 15 m (49 ft) (one-fourth wavelength at 3000 m/s [9840 ft/s]), which is well above the 10-m (33-ft) minimum resolution needed for high-frequency sequence mapping. As encountered in this study, a high-frequency sequence boundary typically cuts through seismic events and cannot be accurately correlated without dense well control. Most of the higher order maximum flooding surfaces do follow seismic events ( Figure 3) ; however, syndepositional and postdepositional structural events (faulting, folding, and compression, etc.) make them discontinuous and difficult to trace in dip sections (Figure 2) . As a result, the systems tracts in successive sequences regularly appear to connect to each other erroneously in seismic data. In such a situation, a vertical section-or volume-based interpretation may generate incorrect results when time-transgressive seismic phases or amplitude anomalies are being tracked without dense well control.
Seismic sedimentology offers an alternative way to interpret time transgression-prone seismic events for high-frequency sequence stratigraphy. Instead of guessing where to pick seismic events between and beyond wells that represent deposits of the same sequence on vertical seismic grids, we start from stratal slices or the plan-view geomorphology of depositional systems. When properly linked to lithology in 90j-phase data, these stratal slices are snapshots of 3-D bodies of genetically related high-frequency sequences and systems tracts. Some risks exist, however. Stratal slices are sensitive to the accuracy of the stratigraphic framework provided by interpreters. A miscorrelation of framework events may render a useless or misleading result. Great caution should be taken when constructing a geologic-time framework by integrating all available sources of data (seismic, core, wire-line-log, and paleontological data). In addition, the residue error of phantom slicing caused by a simplified assumption of linear sediment rate may lead to erroneous amplitude patterns on stratal slices. An effective way to reduce this risk is to select only consistent patterns by viewing multiple slices through relative geologic time for the whole sequence (e.g., patterns in Figures 7 -9 ). In fact, some errors in slicing may become useful. For example, stratal slices cutting through an erosional feature (e.g., Figures 8, 12A ) revealed probable erosional surface.
Application of seismic sedimentology significantly simplifies correlation of high-frequency sequences, making high-resolution (10-m; 33-ft) reservoir prediction a reachable goal using conventional borehole and 3-D seismic data.
Sandstone Mapping
High-frequency systems tract analysis on stratal slices is an effective tool for qualitative prediction of sandstone distribution (patterns) using seismic data. Adjusted to 90j phase and calibrated by wire-line-log motifs, seismic amplitude is an indicator of sandstone existence. In this study, analysis of stratal slices through relative geologic time in a third-order sequence context revealed predictable patterns of depositional systems, sandstone distribution, and potential sandstone reservoir quality. For example, areas in and around rollover anticlines were sediment accommodation centers throughout the subbasin development. In lowstand slope-fan sequences (e.g., Figure 9 ), sandstones and siltstones are major reservoir types. Potential reservoir facies are highly discontinuous, lenticular, and thin (e.g., Mitchum et al., 1993) . In lowstand deltaic sequences (e.g., Figure 10 ), distributary channel-fill and deltaic deposits compose potential reservoirs. The distributary channel-fill sandstones and deltaic mouth-bar sandstones are better in quality and continuity than sandstones and siltstones of the submarine-channel fill in the lowstand slope-fan sequences (e.g., Mitchum et al., 1993) . A comprehensive evaluation of reservoir facies, thickness trend, and quality at higher order levels through geologic time can improve reservoir prediction and reduce drilling risk, which can be crucial for petroleum and hydrogeologic applications.
Quantitative mapping of sandstone isopachs requires the combined use of wire-line logs and seismic amplitude patterns on stratal slices. Sandstones identified in lithology-indicative wire-line logs (e.g., SP and gamma ray [GR] ) are a direct measurement of sandstone thickness that provides critical calibration for reservoir mapping. However, the number of deep wells that penetrated the Frio section is commonly insufficient for accurate mapping of sandstone reservoir geometry. For example, in the domal area of subbasin 3B (Figure 1B) , the sandstone thicknesses of the higher order lowstand deltaic sequence 11 from 15 wells were measured ( Figure 14) . The sparse borehole data did not allow adequate control for drawing isopachs that reflect complex sandstone patterns implied by the associated stratal slice. In this case, however, the sandstone thicknesses measured in wells are closely related to the negative amplitude intensities of the 25-Hz dominant frequency, 90j-phase seismic data ( Figure 14) . A manually drawn isopach map, following both well thickness and seismic amplitude trends, produced a thickness map (Figure 14 ) that satisfies both well and seismic information. For intervals in which amplitude is not an accurate indicator of sandstone thickness, root-mean-square amplitude or other attributes might be a better choice. In addition, a statistical integration (Dubrule, 1998) or seismic inversion (Treitel and Lines, 2001 ) can be performed if more accurate results are desired.
CONCLUSIONS
1. Stratal slices facilitated generic correlation of fourthand fifth-order sequences at 10-m (33-ft) resolution and provide a platform for a seismic sedimentologybased systems tract mapping. 2. In the sediments deposited in the third-order lowstand expansion cycle of the Corpus Christi subbasin, at least 16 higher order sequences were recognized on wire-line logs and seismic sections. 3. Three types of depositional systems were identified.
Lowstand slope fans are best recognized by their fanlike depositional morphology. Lowstand prograding complexes are composed of lobate delta and sandshoal systems. Highstand onshelf systems are represented by strike-oriented, broad barrier-bar-lagoon systems and dip-oriented lobate deltaic systems. 4. A higher order slope fan can be described with a three-stage model showing (1) maximum sea-floor erosion during early lowstand time; (2) sediments overloading on slope, accelerating growth faulting and sediment-ridge uplift, and causing turbidites to spill out of the submarine channel into the deeper basin during maximum lowstand; and (3) sediment supply diminishing and faulting and sediment-ridge uplift terminating during transgressive and highstand periods. 5. Sand-dispersal patterns are primarily determined by accommodation space controlled by rollover topography. Between the boundary fault and the rollover hinge line, strike-oriented sand bodies dominated; within the submarine channel and incised valley and beyond the hinge line (distal basin), dip-oriented systems prevailed. Figure 14 . Sandstone isopach map of the lowstand deltaic sequence 11 in the domal area of subbasin 3B ( Figure 1B ). Amplitude patterns on the stratal slice were used to guide contouring of wire-line-logmeasured sandstone thickness values. See crossplot in Figure 5 for quantitative relationship between log-measured sandstone thicknesses and amplitudes.
APPENDIX: METHODS OF SEISMIC SEDIMENTOLOGY 90j Phasing of Seismic Data and Seismic Lithology
Mapping of thin sandstones with 3-D seismic data requires highresolution, event-by-event interpretation. In such interpretation, we hope to tie the seismic waveform directly to the impedance profile for the best possible correlation between seismic traces and stratigraphic architecture. If AI is linked to lithology, as in the Frio strata, we also hope to tie seismic waveforms to lithology-indicative wireline logs (e.g., GR and SP wire-line logs in a sandstone-shale sequence).
In a standard 0j-phase data set, however, the same lithology of the same AI is tied to opposite polarities (peak-trough couplet). The correlation between impedance curves in the model and seismic traces is typically very poor. The 90j-phase data correct the problem. As shown in model and field data studies (Zeng and Hentz, 2004; Zeng and Backus, 2005a, b) , seismic responses in 90j-phase data are symmetric to the sandstone bed of symmetric impedance curves, making the main seismic event (either a trough or a peak) coincide with the geologically defined sandstone bed. As a result, seismic polarity is better tied to lithology, and the correlation between AI curves and seismic traces should be increased. This improvement should make a seismic section look more like a geologic section. Seismic data in this study are corrected to approximately a 90j phase (e.g., Figures 2, 3 ).
Stratal Slicing and Seismic Geomorphology
To maximize the usefulness of seismic geomorphologic information, seismic attributes must be picked on a depositional surface (geologictime surface), so that any attribute extractions on such a surface can represent a lithogenetic depositional unit. Such a seismic surface display is properly called a stratal slice (Zeng, 1994) . To reduce slicing error caused by lateral differential sedimentation rate and thickness change in the formation, stratal slicing (Zeng, 1994; Zeng et al., 1998a, b; Zeng and Hentz, 2004) or proportional slicing (Posamentier et al., 1996) linearly samples seismic amplitude (or other attributes) between seismic-reference events ( Figure 6A ). The reference events should be geologic-time equivalent and should be able to be picked with less difficulty on seismic sections. Linearity is a good approximation of differential deposition near growth faults and around sediment-ridge uplifts, if there is reasonably good control on the geologic-time framework. In principle, no major angular unconformities (truncations) or other discordant reflections should occur between reference events. However, some minor discordances (e.g., localized channel cuttings) can provide useful information and are not necessarily detrimental to interpretation by informed and cautious interpreters. For a perfectly migrated 3-D seismic data set, horizontal seismic resolution is the same as vertical seismic resolution (Lindsey, 1989) . However, depositional bodies are commonly characterized by a much greater horizontal dimension than vertical dimension (Galloway and Hobday, 1983) . As a result, depositional sand bodies might be resolved in plan view, even if they can only be detected in vertical view. Considering that the seismic detectable limit is significantly smaller than the resolvable limit (0.04l versus 0.25l; Sheriff, 2002) , potential for new information is enormous. The detectable limit is predominantly a function of signal-to-noise ratio, interference pattern, and interpreter's experience. For the 3-D data set used in this study, seismic resolution is from 15 m (49 ft) (for 25-Hz dominant frequency data) to 19 m (62 ft) (for 20-Hz dominant frequency data). A 10-m (33-ft) detectable limit should be a conservative estimate because of the fair data quality and apparent tie of many thin ( < 10-m; < 33-ft) sandstones to seismic events in wells. As a result, we should be able to use stratal slices to resolve sandstones that are thinner than the seismic resolution, but still seismically detectable. This approach contrasts with that used in wire-line-log and outcrop studies, in which the vertical characteristics of a high-frequency sequence (lithology, thickness, and depositional architecture) are much more useful.
If a pseudogeologic time scale is applied ( Zeng et al., 1998a) , a stratal slice volume can also be viewed as a relative geologic-time volume. All reference events and all stratal slices are flattened in display time. The relative geologic time means that all stratal slices above are younger in age than those below. Vertical sections from the volume illustrate the time-stratigraphic relationship between stratal slices and between stratigraphic sequences. When the interference of a complex structural background is removed, some important, yet subtle, stratigraphic features, which are otherwise difficult to identify, can be viewed clearly.
